Unfractionated heparin (UFH) is the anticoagulant of choice during extracorporeal membrane oxygenation (ECMO) support. Despite its favorable pharmacologic properties, management of heparin anticoagulation during ECMO remains a major challenge. To date, little is known about the optimal monitoring strategy or the heparin dose offering the best safety/efficacy profile. Therefore, it remains unclear if the heparin dose should be adapted to target a specific "clotting time" [e.g., activated clotting time (ACT) or activated partial thromboplastin time (aPTT)] or a heparin concentration, measured by coagulation factor anti-Xa assay. In addition, no study has compared the relevance of modern viscoelastic coagulation tests over the single value of a clotting time or heparin concentration value. Although guidelines for anticoagulation during ECMO support have been published, the absence of evidence limits the quality of the recommendations provided, which explains the major intra-and inter-institutional variability observed. Large prospective multicenter trials are urgently needed to investigate the optimal anticoagulation management strategy during ECMO support.
Introduction
Children and adults supported with extracorporeal membrane oxygenation (ECMO) frequently experience bleeding and thrombotic complications. In a review of the 2014 data from the Extracorporeal Life Support Organization (ELSO), the incidence of bleeding at the surgical or cannula insertion sites ranged between 10% and 30% and central nervous system hemorrhage from 2.2% to 6%. The incidence of oxygenator thrombosis ranged from 7% to 13% and central nervous system infarction from 2% to 4.4% (1) . In a recent meta-analysis of observational studies including 1,496 patients supported with venoarterial (VA)-ECMO, the incidence of major bleeding ranged from 13% to 50% and was correlated to the heparin monitoring strategy used ( Table 1 ) (2) . The main contributors to hemorrhagic complications were surgical re-exploration, intracranial hemorrhage and bleeding at the site of cannula insertion. The incidence of thrombotic complications ranged from 3% to 12% and was also correlated with the applied heparin monitoring strategy. The thrombotic events predominately included limb ischemia, circuitrelated clotting and stroke ( Table 1) . Another meta-analysis including 1,763 patients supported by ECMO showed that bleeding and thrombotic events predominately contributed to complications during ECMO support (3) . Bleeding complications are considered to be major contributors of morbidity and mortality during ECMO support (1) . In a large two-center study in 149 ECMO runs, bleeding complications were associated with an increased (adjusted hazard ratio 2.17; CI: 1.07-4.41, P=0.03) likelihood of mortality (4) .
The etiology of bleeding and thrombosis during ECMO support is complex and multifactorial. The contact of blood with the non-endothelial surfaces, even with the use of biocompatible materials, leads to the activation of the coagulation cascade and progressive consumption of coagulation factors and platelets, in addition to excessive fibrinolytic activation (5, 6) . In these critically-ill patients, impaired organ function, infection/ sepsis and inflammation may further contribute to the disturbance of the inflammation/coagulation system (5, 6) . Convincing data suggest that ECMO support leads to an acquired type II von Willebrand (vW) syndrome (7); the high velocity ECMO blood flow leads to an uncoiling of the high molecular weight multimers of the vW factor, rendering this domain susceptible to proteolytic cleavage by the metalloproteinase ADAMTS-13 (7). Since high molecular weight multimers play a pivotal role in the endothelium/platelet interaction, primary hemostasis is severely disturbed. In addition, ECMO support, and sometimes prolonged heparin anticoagulation, appear to be associated with an increased risk of heparin induced thrombocytopenia (HIT). In selected patients, the HIT antibodies activate platelets and thrombin generation, promoting thromboembolism (8) . Last, but not least, ECMO will require adequate anticoagulation in order to avoid fibrin deposition and potentially lethal clot formation. "The challenge in anticoagulation is to reduce the incidence of thrombotic events without increasing the risk of bleeding complications". Unfortunately, even with optimal dosage and monitoring, bleeding during anticoagulation remains a major source of morbidity and mortality (9) . Although this principally applies for all anticoagulants and clinical contexts, it perfectly reflects the challenge of anticoagulation during ECMO support.
In this review, we will focus on traditional (i.e., heparin) and non-traditional [i.e., direct thrombin inhibitors (DTIs)] anticoagulation management strategies in patients supported by ECMO. We will review evidence regarding anticoagulation with unfractionated heparin (UFH) as well as its monitoring. We will also briefly address alternatives to UFH, their indications, doses and monitoring.
Monitoring of anticoagulation with UFH
UFHs are considered to be the gold standard for parenteral anticoagulation (10) . UFH is easily titratable and reversible through the administration of protamine. The doses of UFH administered vary widely and are adjusted until a targeted anticoagulation effect is achieved. Unfortunately, management of UFH anticoagulation largely depends on the coagulation assay used and important inter-and intra-individual variabilities have been reported. To date, two management strategies are routinely used. The "clotting time" approach, based on either standard laboratory testing [e.g., activated partial thromboplastin time (aPTT)] or the whole blood pointof-care activated clotting time (ACT), or a "chromogenic" heparin concentration approach, based on anti-factor Xa activity measurement (11) . The absence of standardization in ECMO patients has been highlighted in two recent surveys in pediatric and adult patients ( Table 2 ) (12, 13) . The aPTT and ACT are assays measuring the time between ex-vivo contact activation the of coagulation cascade and the formation of a fibrin/thrombin "gel" into the tube. In the "clotting time"-based anticoagulation approach, UFH dosing will be adjusted to achieve a targeted prolongation of the clotting time (e.g., 1.5 to 2.5× baseline value for the aPTT). In addition to pre-analytic and analytic variabilities, none of those assays are specific for unfractionated heparin (UFH) anticoagulation and will therefore be influenced by the presence of an underlying coagulopathy (i.e., biologic variability). In patients with inherited (e.g., hemophilia, vW disease type 3) or acquired (e.g., vitamin K antagonist anticoagulation, liver failure, dilutional coagulopathy) coagulation disorders, lower UFH concentrations/dosages will be required to prolong the clotting time within the targeted ranges. However, other situations such as hyperfibrinogenemia, antithrombin (AT) deficiency and thrombocytosis may call for increased, sometimes excessive, dosages of UFH, a condition called "heparin resistance" (14) .
Although the aPTT and ACT reflect the same pathway of the coagulation cascade, a number of differences have been noted. The ACT was originally designed for "point of care" monitoring of high-dose anticoagulation during cardiopulmonary bypass (CPB). Although modifications have been made to improve accuracy when used to monitor lower UFH concentrations (e.g., low-range ACT cartridges), the target range of these tests is still significantly higher than during ECMO support. The reproducibility of those tests is limited by the variability between assays with regard to the activator used (e.g., celite, kaolin, celite and phospholipids) and the technique used for clot detection (15, 16) . Moreover, intervariability can be observed, as the precision of the technique is operator-dependent (16) . As ACT is performed on whole blood, the test is influenced by a variety of conditions, including temperature, hematocrit and the platelet count (15, 16) . In contrast, the aPTT has been designed to monitor UFH in prophylactic and therapeutic ranges (10, 17) . The test is usually performed in the laboratory, increasing the reliability of test results. Nevertheless, different laboratory methods can be used which limit the inter-assay/interinstitution reproducibility (11, 18) . The aPTT, measured in platelet poor plasma, is not influenced by the platelet count or hematocrit. This condition might explain the fact that the aPTT, when compared ACT assays, better correlates to heparin concentrations during ECMO support (19) . ACT and aPTT during ECMO support has been compared in a large number of investigations. However, when viewing the large variety of tests used, it is not surprising that results are conflicting. While in some investigations a good correlation between both tests was found, a weak correlation was reported in some other investigations (19) (20) (21) .
In a meta-analysis of observational studies in patients supported with VA-ECMO, the incidences of bleeding and thrombotic complications were compared based on anticoagulation monitoring used (e.g., ACT vs. aPTT monitoring) ( Table 1) . Even though the validity of this subanalysis is limited by the retrospective nature of the analysis and the heterogeneity between anticoagulation protocols, UFH anticoagulation based on ACT measurements seemed to be associated with fewer major bleeding complications (2). The authors also reported an association between lower ACT targets and an increased incidence of thrombotic complications. On the other hand, anticoagulation monitoring based on aPTT was associated with more major bleeding complications, but less thrombotic events ( Table 1) .
Heparin-concentration based monitoring with anti-Xa assays
In chromogenic anti-factor Xa assays, a coagulation factor X substrate with a linked chromophore is added to the patient's plasma. Activated factor X is then added and cleaves the chromophore compound. The amount of chromophore released is measured by means of spectroscopy. As defined amounts of factor Xa are added, the results can be correlated to determine factor Xa inhibition by plasmatic heparin (11, 18) . Therefore, chromogenic anti-Xa assays do not reflect the overall condition of the coagulation system, but the heparin concentration/activity in the patient's blood. Notably, in some tests, AT is added to the assays, while in others this is not the case. Therefore, in assays with supplemented AT, the result of the in vitro test might not reflect the patient's in vivo heparin activity. The established target anti-factor Xa value for therapeutic anticoagulation is 0.3-0.7 IU/mL (17). In a large prospective single center investigation in 109 patients, anti-factor Xa levels were analyzed when targeting the ACT value at 180-220 seconds, which was the basis for the adjustment of the heparin infusion. The antiXa target was 0.2-0.4 IU/mL. This study showed that even when using this low anti-factor Xa target, a large number of anti-Xa values were below the target range (22) . Moreover, the correlation between both assays was poor. The authors concluded that in ECMO patients, concomitant measurement of ACT and anti-factor Xa values is irrelevant.
In a large retrospective analysis of more than 22,000 adult medical patients, anti-Xa-based heparin management significantly reduced transfusions when compared to an aPTT-based strategy (23) . In a retrospective study of 100 ECMO and non-ECMO children, therapeutic anti-Xa levels were associated with a 66% reduction in the thrombosis rate, while 11% of patients experienced bleeding, particularly when aPTT values were excessive (24) . Obviously, these results cannot be simply translated to the high-risk group of patients on ECMO support, especially in the instance where ECMO support is initiated after a major surgery. In a retrospective analysis of 62 pediatric patients on ECMO, anti-Xa concentrations <1.3 U/mL were associated with an increased need for oxygenator change, irrespective of the ACT results (25) . In 22 adult patients on ECMO support, anti-Xa levels were inversely correlated with the occurrence of deep vein thrombosis (26) . A large, retrospective single-center investigation of 365 pediatric ECMO patients showed a reduction in the incidence of bleeding and transfusion requirements, as well as decreased numbers of circuit replacement due to clotting after implementing an anti-factor Xa target of 0.3-07 IU/mL, daily AT level control and AT replacement, when heparin demand exceeded 60 U/kg/h (27) . Additionally, another large, retrospective single-center investigation in pediatric patients compared an ACT-based protocol (target 160-200 seconds) with an anti-factor Xa-based protocol (target 0.5-0.7 IU/mL) (28) . The analysis included 152 ECMO runs in the ACT group and 122 ECMO runs in the anti-factor Xa group. In this investigation, an antifactor Xa-based heparin management was associated with an improvement in survival, a decrease in hemorrhagic complications, transfusions and improved circuit patency. Notably, however, this analysis covered a period of 10 years and changes in anticoagulation were also accompanied by changes in ECMO circuit technology, assumedly introducing heterogeneity. Moreover, although the groups appeared to be comparable, no risk-adjustment between groups was performed. The results concerning standard AT replacement are conflicting as well. A larger retrospective study in 162 neonatal ECMO patients showed a reduction of thrombotic events after standard implementation of AT replacement, without an increase in hemorrhagic complications (29) . However, results could not be confirmed in other smaller retrospective single-center investigations (30, 31) .
In summary, there is increasing evidence coming from observational studies, particularly performed in pediatric ECMO patients, suggesting that an anti-factor Xa-based heparin management could be associated with improved results.
Viscoelastic tests and anticoagulation during ECMO support
Over the past decade, viscoelastic tests (e.g., ROTEM or TEG) have been increasingly used in different clinical conditions to guide the administration of blood products in the context of excessive bleeding (32, 33) . Besides monitoring anticoagulation, viscoelastic tests provide a view of clot formation dynamics, clot strength and clot lysis. The synoptic analysis of different channels with different activators of the coagulation system and heparinase, which specifically inhibits UFH, provides a deeper insight into the complex anticoagulation-coagulation system. Viscoelastic tests have only been the subject of a few ECMO studies, however, it is conceivable that the balance between therapeutic anticoagulation and the assessment of global clot formation and stability could improve coagulationanticoagulation management in children and adults supported by ECMO (34) . Although these tests appear to provide a real picture of the complex anticoagulation and coagulation system, important disturbances of primary hemostasis, such as the acquired vW deficiency, would not be reflected in these assays.
Alternatives to UFH: argatroban and bivalirudin anticoagulation during ECMO support
The DTIs, argatroban and bivalirudin, have been used as alternative anticoagulation strategies during ECMO support (35) . Additionally, both drugs have been used within the perioperative setting of cardiac surgery (35) . Argatroban is approved in the United States and most European countries for anticoagulation in patients with, or at risk of, HIT, while bivalirudin is used "off-label" for this indication. The pharmacokinetic characteristics of each drug are provided in Table 3 (10) .
Experience and data regarding the use of DTIs for anticoagulation in ECMO patients is essentially limited to cases of HIT (35) (36) (37) . Only a few studies have compared DTIs anticoagulation to standard UFH anticoagulation (38, 39) . Dosing is usually adapted to reach target aPTT values comparable to the targeted values recommended for UFH anticoagulation during ECMO support. As both DTIs interfere with the prothrombin time (40), the results of this test cannot be used to guide therapy with plasmatic coagulation factors. The dosing for argatroban during ECMO support ranges within 0.2-0.5 µg/kg/min, while the bivalirudin dose varies between 0.025 to 0.05 mg/kg/min. Viewing all available data for both agents, the anticoagulant effect during ECMO support is predictable and stable. Moreover, the clinical results with regard to ECMO system patency and bleeding complications appear to be comparable to UFH anticoagulation.
As both agents present comparable pharmacokinetic characteristics, one drug cannot be recommended over the other. However, because of the absence of reversal agent, bivalirudin should be preferred over argatroban in patients with a high bleeding risk, as renal replacement therapy provides an effective tool for rapid elimination of the drug when urgent surgery has to be performed (35) . Based on the limited literature and the risks associated with their utilization, DTI anticoagulation should be limited to cases of HIT or in the instance where contraindications to UFH are present.
Intraoperative anticoagulation during surgery with ECMO support ECMO systems are being increasingly used intraoperatively as a replacement of CPB, or as a bridge to transplantation. Therefore, an increasing number of patients will undergo surgical procedures while on ECMO [e.g., ventricular assist device (VAD) implantation or transplantation] (41, 42) . The closed, small, often biocompatible-coated circuit reduces hemodilution and allows reduced or minimal systemic anticoagulation. Depending on the procedure, the usual target ACT range is 160-220 seconds (35) . This significant dose reduction appears to be particularly important in patients with HIT, as no reversal for the current alternative anticoagulants is available. A more recent larger series, using low-dose bivalirudin anticoagulation during left ventricular assist device (LVAD) implantation, revealed promising results (43) . However, the use of argatroban during a comparable procedure was associated with severe bleeding and therefore should be discouraged (44) .
Comments
Patients on ECMO support represent a rather heterogeneous group, ranging from small neonates with immature coagulation systems, to old adults and patients with isolated lung replacement therapy with venovenous (VV)-ECMO. Additionally, the presence of complex patients receiving hybrid approaches with both VV-and VA-ECMO, patients needing ECMO within the setting of medical treatment and patients receiving ECMO after major surgery or trauma, all make sub-group analysis and interpretation of results challenging. Bleeding and thrombotic complications are major contributors to morbidity and mortality during ECMO. However, all these conditions may impact the risk for bleeding and thrombosis.
Although alternatives to classic UFH anticoagulation agents have been assessed, data are limited and anticoagulation with UFH remains the gold standard. Unfortunately, the optimal anticoagulation strategy with intravenous UFH during ECMO support remains a subject of uncertainty and intense debate. Current ELSO recommendations are more descriptive rather than practical (45) . In this regard, the special situation during ECMO support reflects the overall dilemma in therapeutic anticoagulation with UFH (46) . All methods for monitoring and directing UFH anticoagulation (e.g., ACT, aPTT, and anti-factor Xa levels) have their advantages and disadvantages, but it is clear that the ACT and aPTT are wrought with problems. Both tests are affected by many biologic factors unrelated to heparin concentration. Guiding UFH anticoagulation only on the basis of such tests has been declared an "unsafe practice" (47) . In contrast, maintaining target anti-Xa concentrations most likely reduces the incidence of thrombotic events. Results from pediatric patients are promising, and discounting how far these results can be translated to the adult wards, the fundamental limitations of the observational and single-center nature of these studies have to be clearly considered. Moreover, in ECMO patients with an impaired overall coagulation system, particularly after major surgery, such a strategy may be associated with an increased risk of bleeding (23) .
When viewing the underlying complexity of balancing anticoagulation and bleeding risk in ECMO patients, one could argue that a combination of anti-Xa assays and viscoelastic tests could improve coagulation assessment and presumably reduce the bleeding risk. Large, controlled studies are needed to validate this hypothesis.
In summary, the lack of evidence provided by adequately powered, prospective, randomized, multicenter trials are the key limitation for defining the optimal anticoagulationcoagulation management strategy in ECMO patients. Noting that UFH-based drugs are established and inexpensive, much like the laboratory assays, no new studies can be expected to be performed from these sites. This point is made particularly clear when the field of interest is restricted to a very special condition, such as ECMO support. Seeing the obvious need for reliable data, alternative strategies have to be developed. One possible strategy might be that such studies are funded by independent national or international organizations, such as the Food and Drug Administration (FDA) or European Medicines Agency (EMA), and performed by independent organizations such as the ELSO. A wider discussion in this regard would be highly appreciated.
